Abstract. The BFKL pomeron loop diagram is calculated for the diffractive Higgs production. In order to do this the exact expression for the Triple Pomeron Vertex is calculated using the QCD dipole picture.The estimated value for the survival probability (S 2 ) is given. It was found that the hard pomeron scattering process contributes substantially in S 2 .
Introduction
In this paper the production of the Higgs boson from pomeron exchange between colour dipoles separated by large rapidities gaps is considered. The two dipoles are separated by a rapidity Y which is a dimensionless quantity and for measurements at LHC typically has a value of around 19. In between the rapidity gap of these two dipoles one expects to see the Higgs Boson produced at some intermediate rapidity value. In general there is nothing produced at other rapidities such that the rapidity gap between the colour dipole and the Higgs Boson is large, and indeed the gap between the other colour dipoles and the Higgs Boson is also large. This is what one means when one refers to a large rapidity gap.
In this paper the amplitude for pomeron exchange between colour dipoles at some rapidity gap is calculated, with Higgs emitted from the pomeron. If there is no other gluon shower at some rapidity then there will be a large rapidity gap between the two colour dipoles and the Higgs. The probability that this large rapidity gap survives and there is no other gluon shower is called the survival probability of the large rapidity gap.
Khoze, Sjostrand and Dokshitzer in [1] calculated the first estimate for Higgs production with two pomeron exchange in a numerical calculation. In doing so they showed that the signature for this type of Higgs production was a large rapidity gap between the Higgs and the protons. Bjorken in [2] pointed out that in order to have large rapidity gaps there would be a price to be paid in suppressing further gluon showers. The term survival probability for large rapidity gaps was introduced by Bjorken in [1] and also by Levin, Gotsman and Maor in [3] who estimated the probability in the simple one channel Eikonal model for no additional contributions at rapidities between the Higgs and the proton. The Eikonal model assumes that the two protons which scatter are fast moving. As a result if there are other gluon showers in addition to the pomeron scattered between the two protons which produces the Higgs, then the additional gluon showers do not interact with eachother. The calculation in [2] and [3] is in the Eikonal model for soft pomerons -soft pomerons means there are no pertubative contributions.
(1.1)
where M is the amplitude for the process under consideration such as the single channel pomeron exchange with Higgs production in the Eikonal model, in impact parametre space at centre of mass energy √ s. In the numerator of equation (1.1) the factor e −Ω gives the probability that additional inelastic scattering will not occur between the two protons. The denominator is the probability for pomeron exchange in the single channel Eikonal model including the amplitude for possible additional inelastic scattering between the two protons. So equation (1.1) represents the survival probability of the large rapidity gaps between Higgs production and the two protons with no extra terms in the large rapidity gaps coming from additional inelastic scattering. Ω is the optical density of the interaction of the incoming hadrons.
In this paper the survival probability is calculated for hard pomeron exchange with perturbative contributions, not in the Eikonal model.
Following on from this as people began to generalise the approach to soft pomeron scattering. The Tel Aviv group in [4] generalised this approach to a calculation in the two channel model and then the Durham group in [5] generalised this to an expression in a different two channel model for the survival probability of the rapidity gaps
The survival probability was estimated in [6] in the eikonal approach for exclusive central production at LHC, where it was found to be 5 -6 percent for single channel models, while for a two channel model the survival probability was found to be around 3 percent. The expression for the Survival probability here was given in terms of the impact parametre b in the form
where A H (b) the hard pomeron amplitude is given in the b space representation as
A H (b 1 ) and A H (b 2 ) denote the hard pomeron amplitude in one channel before and after emission of the Higgs Boson. The A H amplitude for hard pomeron exchange can be calculated in perturbative QCD and is responsible for the production of two gluon jets which subsequently produces the Higgs Boson. The amplitude A s denotes the soft pomeron amplitude. A S includes all possible initial state interactions due to the exchange and interaction of soft pomerons. A S also includes the possibility that the two initial nucleons do not interact at all. The upper and lower bounds for the survival probability in the one channel, the two channel model and the constituent quark model were obtained for the survival probability which corresponds to exclusive central diffractive di -jet production at the LHC. the upper bound in the single channel model was found [6] to be approximately the same in the constituent quark model at 6.0%±0.1% ( [6] ) at the LHC energy. The two upper bounds intercept at an energy just above the typical LHC energy suggesting 5%−6% ( [6] ) as the upper bound for the calculated survival probability at the LHC. The survival probability in the two channel model at the LHC was found to be ([6]) 2.7%
One of the first attempts of a theoretical calculation of S 2 using the mean field approach in high density QCD was by Bartels, Bondarenko, Kutak and Motyka in [7] . They examined central exclusive Higgs boson production in proton -proton scattering at the LHC. Firstly they consider the process with a singe gluon ladder (pomeron) which emits the Higgs Boson during exchange between the two protons with a hard rescaterring correction (rescaterring of the proton) and secondly the same process with a correction due to soft rescattering of the gluon ladder to form an intermediate loop with production of the Higgs Boson on one branch of the loop. They analysed the soft gap survival probability that the protons emerge unchanged after interaction with the pomeron intact with no further soft scattering of the gluon ladder. They wrote the survival probability for rapidity gaps without soft rescattering as the ratio of the two processes in the form
where
is the cross section for the exclusive Higgs production taking into account the soft rescattering given as an expression in [6] and
is the cross section without soft rescattering also given in [7] . The correction amplitude M correction is defined in [7] in terms of the unintegrated gluon density f g of the proton. In the mean field approximation the estimates of [6] show that S 2 is small and therefore hard processes can serve as an essential contribution. However there is no reason why the mean field approximation should work for proton proton scattering. Corrections to S 2 are large and this approach is not applicable for protonproton scattering
The aim of this paper is to calculate the survival probability of large rapidity gaps in Higgs production not in the mean field approximation but using a symmetric approach in the dipole picture. The formalism of the calculation in section 3 in calculating the survival probability S 2 follows closely the formalism of Mueller, Salam, Patel and Iancu in [8] , [9] and [10] .
In experiments at LHC the Higgs is found recurringly typically at rapidities in the centre between the rapidities of the two colour dipoles which means that this process has a very good signature. Consequently this process is the best for measuring the Higgs Boson mass due to its good experimental signature.
General Formalism For BFKL Pomeron Exchange
The following explains the notation used in the calculations of this paper and where this notation originates from.
The calculation of section 3 begins with the BFKL amplitude given below in equation (2.1) for which Lipatov in [11] describes the derivation in the configuration and mixed representations (equations (114) and (140) respectively). Equation (2.1) * is also described in [12] as the pomeron amplitude between dipoles in the QCD picture (equation (17)). In [13] Braun and in [13] Wallon and Navelet introduce the solution to the BFKL equation ω(ν) and the expression for the vertex function E(ν, n) in the conformally invariant formalism, and the relevant expressions for a single pomeron exchange with no intermediate loops is when n = 0. The expression used given in (2.1) for the BFKL amplitude for pomeron exchange between the dipole of size r 1 and the dipole of size r 2 between a rapidity gap Y (figure 1) is given in [15] and also by Wallon and Navelet in [14] in equation (2.16 ) and Navelet and Peschanski in [16] (equation (2)), [17] and [18] (equation (18)) as (2.1) where as written more explicitly by Lipatov in his expression in [11] (equation (140)) and in [14] by Wallon and Navelet (equation (2.16)) and as given in [15] (5) and (6)) and can also be found in [14] by Wallon and Navelet (equation (2.18)) as
and Γ(f ) is the Euler Gamma function, and γ = 1 2 − iν. V (r, q, ν) is the vertex function coupling the pomeron to the dipole of size r and is given by Lipatov in [11] (equation (118)), by Braun in [13] (equation (4)) and in [14] by Wallon and Navelet (equation (2.13)) as
where E ν (x 1 , x 2 ) = x12 x10x20 1 2 +iν where x 1 and x 2 are the position vectors of the quarks forming the colour dipole such that x 1 − x 2 = r where r is the size of the dipole and one uses the notation x 12 = x 1 − x 2 . The factor b(ν) is given in [14] by Wallon and Navelet (equation (2.22) ) and in Lipatov [11] (equation (125)) as
The amplitude simplest enhanced diagram for the pomeron exchange between two colour dipoles with a pomeron loop between rapidities Y 1 and Y 2 (figure 2) is given in [15] and by Navelet and Peschanski in [17] (equation (3)) by the expression
In this paper in section 2 the ratio of the amplitude for pomeron exchange between two colour dipoles with a pomeron loop inbetween and Higgs produced on one side of the loop, to the amplitude for Higgs production from a single pomeron between two colour dipoles is calculated to give the survival probability.
G 3P (ν, ν 1 , ν 2 , q, k) is the triple pomeron vertex defined below as an integral in configuration space. This integral is evaluated in the appendix and an explicit expression is given in momentum space and substituted in equation (2.6) such that * the survival probability can be calculated.
In a slightly different notation the coupling of the Pomeron to the colour dipole is defined in the conformal basis in [13] 
where x 1 and x 2 are the position vectors of the quarks forming the colour dipole such that x 1 − x 2 = r where r is the size of the dipole and one uses the notation
x 0 is an arbitrary position vector which can be conveniently as the centre of mass coordinate defined as
Then the triple pomeron vertex is defined in [13] in the conformal basis as
The triple pomeron vertex G 3P (ν, ν 1 , ν 2 depends on three conformal weights ν, ν 1 and ν 2 and three centre of mass vectors R 12 , R 23 and R 13 as illustrated in figure 2 which are defined as
The dependence on the centre of mass vectors is determined by the conformal invariance so that (in complex notation)
is a constant depending on the conformal weights ν, ν 1 and ν 2 which will be given explicitly for the saddle points ν = 1 2 , ν 1 = ν 2 = 0 later on.
Firstly the amplitude for Double Diffractive Higgs production at LHC in the born approximation is examined from a paper by the Durham group [19] . Their result firstly higgs production in dipole dipole scattering, which is then generalised to proton proton scattering and the result is an integral over the momentum in the gluon loop which is evaluated to give an explicit expression for the amplitude which includes bremsstrahlung gluon emission. From their result the possibility of BFKL gluon emission is taken into account to give a gluon ladder to give a second explicit expression for the amplitude. Section 3 derives an explicit expression in terms of the momentum k and the conformal weights ν, ν 1 and ν 2 for the triple pomeron vertex (2.7). Using this the ratio of the amplitude of pomeron exchange between two colour dipoles with a single pomeron loop to the amplitude for pomeron exchange with no pomeron loop is calculated.
Finally the toy Model for pomeron exchange in Onium scattering as examined by Kovchekov in [20] and Mueller in [21] is used to calculate the survivial probability in the toy model in section 4 and then compared to the value calculated in this paper in section 3 to derive a value for d in the toy model.
Double Diffractive Higgs Production at LHC
Firstly consider the calculation in [19] of the double diffractive exclusive process where the Higgs Boson is produced by gluon exchange between two colour dipoles in the Born approximation. The Born amplitude for this process takes the form ( [19] equation (3))
The derivation of this amplitude is explained in brief below. Firstly to define the terms included in the expression -the factor 2 9 includes the colour factor
for the colour exchange process and the factor of 2 accounts for the possibility that Higgs can be produced on either of the two gluons exchanged between colour dipoles. k 1 and k 2 denote the momentum of the gluon on which Higgs is produced before and after the emission of Higgs respectively. Q T is the momentum of the gluon on which Higgs is not produced in the two transverse dimensions and q T is the transverse momentum of the Higgs boson produced. The factor A is the numerical coefficient given in equation (3.4) in front of the absolute value for the amplitude for Higgs production by the top quark traingle mechanism given by equation (3.2).
The integration is over the unknown momentum Q of the first gluon exchanged (the screening gluon) between the colour dipoles in the gluon loop. This additional gluon exchanged between the two colour dipoles is included in the calculation of [9] to screen colour and as such is called the screening gluon. It is assumed that the screening gluon does not couple to Higgs and that the virtual momentum Q T is small to give higher probability for production of Higgs on the second gluon exchanged between the colour dipoles. The main contribution is in the two transverse dimensions so one only needs to integrate over Q T . The terms The main process for Higgs production in the standard model is by the top quark triangle where a gluon forms a top quark loop consisting of a traingle with three fermion propagator legs, with the two incoming and outgoing gluons at two opposite vertices, and Higgs produced at the remaining vertex. The amplitude for this process has been calculated in [22] to be
where k 1 and k 2 are the momenta of the incoming and outgoing gluons respectively, M H is the mass of Higgs and G F is the Fermi coupling.
After contracting this with k 1µ and k 2ν which appear in the terms for the gluon propagators in the diagram before and after Higgs production one obtains
where the constant A is defined from equation (3.2) as
In the bracketed term in equation (3. 3) the second term
4).
The momentum Q of the screening gluon is assumed to be small in [18] such that k 1T = k 2T = Q T so that the integral over Q T in equation (3.1) reduces to
In order to consider the calculation with proton -proton scattering instead of quark -antiquark pairs is necessary to replace the gluon density for quark -antiquark pairs of
3π with the density of gluons in the proton postulated to be given by the replacement ( [19] equation (5))
where f x, Q 2 is the unintegrated gluon desnity of the proton.
Also one needs to supress the emission of Bremsstrahlung gluons emitted on the fermion lines of the top triangle propagator in the momentum range Q T ≤ p T ≤ MH 2 . The probability to emit a gluon in the energy range E to E + dE and the transverse momentum range p T to p T + dp T is
where C A is the Dynkin index which for SU (3) is 3. so that the probability to emit a bremsstrahlung in the in the momentum range Q T ≤ p T ≤ MH 2 is found by integrating over p T in this region to give the probability in this range as ( [19] equation (7))
This is the probability of emitting one bremsstrahlung gluon in this range. Summing over the probability to produce one bremsstrahlung gluon, two bremsstrahlung gluon up to infinity bremsstrahlung gluons gives the total probability as the exponential e S(Q 2 T ,M 2 H ) so that one has to include the sudakov form factor (3.8)
to suppress the possibility of bremsstrahlung gluons.
Taking into account the corrections of equations (3.6) and (3.8) the Born amplitude of equation (3.1) is modified to give the amplitude for double diffractive higgs production in proton -proton scattering as
where the identification of equation (3.7) has been used for the Sudakov Form Factor and the following notation
4 has been used. Now assume that the gluon density functions take the form
where γ 1 and γ 2 is called the anomolous dimension of the gluon. Then equation (3.9) takes the form
The integrand has a saddle point at the value of Q
Then expanding equation (3.11) around the saddle point given by equation (3.12) the integrand reduces to a Gaussian integral to give the result for the right hand side of equation (3.11)
where the coefficient A is defined in equation (3.2).
For a more accurate description one should take into account the emission of BFKL gluons between the screening gluon and the gluon from which Higgs is produced. To do so one should multiply the result of equation (3.13) by the factor (3.14) eᾱ S (χ(γ1) ln S1+χ(γ2) ln S2)
where S 1 and S 2 are the energies of the uppper and lower protons and χ(γ) is the Lipatov characteristic function defined in equation (2.3). One then needs to integrate over γ 1 and γ 2 . The final result including BFKL gluon emission takes the form *
Differentiating the integrand succesively with respect to γ 1 and γ 2 one finds that there is a saddle point at γ 1 = γ 2 = 1 2 so that this integral can be taken using the method of steepest descents and the integrations over γ 1 and γ 2 reduce to ordinary Gaussian integrals at leading order. The final result is
where the constant A is given in equation (3.4).
Pomeron exchange Between Colour Dipoles
Now consider the ratio of the amplitudes for pomeron exchange between colour dipoles given by equation (2.1) of the introduction with Higgs produced inbetween (shown in figure 1 ) and pomeron exchange between colour dipoles with a single pomeron loop inbetween given by equation (4.1) of the introduction also with Higgs production on one branch of the loop (shown in figure 2) .
That is the following ratio is being considered
where A H (Y ) is the amplitude for Higgs production which just cancel each other. There is an extra factor of 2 in the amplitude for pomeron exchange between colour dipoles with a single pomeron loop inbetween given by equation (2.6)to account for the fact that Higgs can be produced on one of the two branches of the pomeron loop. Firstly consider the integral in the denominator of equation (4.1) for pomeron exchange with a pomeron loop.
In the ν integration the largest contribution is where the function ω(ν) has a pole at iν = and the above reduces to
To facilitate a change of variables write
so that one can make the change of variables u =ᾱ
and the above reduces
Expanding the exponentials e ω(ν1) and e ω(ν2) around the saddle point ν 1 = ν 2 = 0 then the integration over ν 1 and ν 2 reduce to ordinary gaussian integrals and the above reduces to
Finally integration over Y 1 and Y 2 gives for the amplitude of the Pomeron Exchange between colour dipoles with a single pomeron loop as
Now the integration over ν for the amplitude for pomeron exchange between colour dipoles in the denominator of equation (4.1) with no loop is done using the saddle point mehtod where the Lipatov characterisitc function ω(ν) has a saddle point at ν = 0 and so the ν integral in the denominator of equation (4.1) is simply
Finally using equations (4.3) and (4.4) the ratio for pomeron exchange between colour dipoles with a pomeron loop in between and without one takes the following form
In the following numerical calculation a typical α s is used which depends on the mass of the Z particle mass. The approach used in this paper has one drawback. The running coupling constant for QCD would not be used because it isn't known how to write the BFKL pomeron in perturbative QCD. The Higgs is expected to be produced with a mass of arounf 100 GeV which would give for the strong coupling constant α s ∼ 0.12 which corresponds to a Z particle mass [23] of M Z = 90.8 ± 0.6Gev. Now if one takes for the rapidity gap Y a typical value of 19 at LHC and the following values as given in [24] , [23] 
Also in the toy model is defined the forward scattering amplitude for OniumOnium scattering [20] as
where d is some positive small number 0 < d < 1. Substituting for Z equation (5.3) in equation (5.4) gives the following expression for D(Y ) at large rapidities [20] (5.5)
Equation (5.5) is the sum over amplitudes for Pomeron exchange in Onium -Onium scattering where the n th term in the summation is the amplitude for pomeron exchange with n branches. This approximation is the formalism used by Mueller-Patel-Salam-Iancu in [26] , [27] and [28] which Kovchegov writes in a more succint form in [20] . To include production of Higgs one has to include the amplitude A H (Y ) for Higgs production on one of the pomeron branches in the scattering and for each of the terms include a factor of n to account for the fact that Higgs can be produced on any of the n Pomeron branches so one needs to sum over all possible branches. The resulting amplitude is
The n = 1 term in the above just corresponds to single pomeron exchange and takes the form
The n = 2 term in equation (5.6) corresponds to pomeron exchange with two pomeron branches, that is an intermediate pomeron loop and the amplitude takes the form
Then in the toy model the ratio of the amplitude for Pomeron exchange with a single pomeron loop to Pomeron exchange with no loop or branches takes the form from equations (5.7) and (5.8) Returning to equation (5.6) which gives the sum over all n → ∞ contributions of n branches for Higgs production in the Toy Model in [20] . Equation (5.6) can be more conveniently written as
and then using [20] (equation (14) ) this can be written as the analytical expression
The survival probability in the toy model is then equal to with the survival probability close to 22 percent. This is high however if one uses an upper limit for the strong coupling of α s ∼ 0.25 in the toy model then one obtains
Which is considerably lower now close to 2 percent. To be consistent with calculations in sections 2 and 3 of this paper then instead of α s one should use the BFKL function ων in the exponential. Adjusting the toy model again to use the BFKl function ω(ν) at the saddle point vaue ν = 0 to give ω(ν = 0) = 4 ln 2 ∼ 0.34 then one obtains the following value for the survival probability (5.17) S 2 = 0.004 * around 0.4 percent which is much lower than the previous two values. In the toy model the survival probability depends critically on the intercept chosen. Importantly though it is worth noting that from the toy model the contributions from higher n corrections range from 0.4 percent up to around 22 percent which means that the corrections are substantial and need to be taken into account when calculating the survival probability. The fact that d given in equation (5.10) which was calculated to be 0.706247737 is high even though it is less than unity means that one can see by inspection of the series of equation (5.6) that terms of n = 3 and higher will give significant corrections to the survival probability calculated in this paper. To summarise one can conclude that firstly that d is large giving significant higher contributions and secondly these higher contributions need to be taken into account when calculating the survival probability.
Conclusion
The main results of this paper was the evaluation of the Triple Pomeron vertex as an analytical expression not as an integral over coordinate space or momentum space. This result could then be used to calculate the first enhanced diagram for pomeron exchange between colour dipoles in double diffractive Higgs production. This amplitude was then used to estimate the survival probability S 2 which was found to be around 2.8. The main physical conclusion is that hard contributions could potentially give a sufficiently large effect in calculating the survival probability S 2 of large rapidity gaps. This leads to a suppression of the cross section for Higgs production with large rapidity gaps. It was also shown in section 4 that further hard contributions in pQCD were substantial and would need to be taken into account in calculating the surviva probability. It is hoped that this value could give useful predictions at the LHC. and where the various terms are defined in [4] in equations (9) as
The calculation can be done with ν = Where ǫ = iν 1 = iν 2 assuming that they are equal. The main contribution is when s + → ∞. In the limit that ǫ → 0 however still small but positive and so the above reduces to (A-8)
In the limit that ǫ = iν 1 = iν 2 → 0 the above reduces to g 3P (γ, γ, γ ′ ) = 1 4πν 2
